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THE EFFECT OF DENERVATION ON SWEAT GLANDS AND MEISSNER
CORPUSCLES OF HUMAN HANDS*
A. SILVER, PH.D., W. MONTAGNA, Pn.D. AND A. VERSACI, M.D.
The regulation of the secretory activity of
human eccrine sweat glands is presumed to be
mediated by sympathetic nerves which behave
pharmacologically like parasympathetic fi} ei's
(Dale and Feldberg (1)). Acetylcholine is con-
sidered to be the neurohumor which is released
locally at nerve endings around the sweat, glands,
activating the cells of the secretory tubules to
produce sweat (Rothrnan (2)). However, in
contrast to all other exocrine glands, and all
types of muscle (Thesleff (3)), human eccrine
sweat glands do not respond to exogenous neuro-
humor after they have been denervated (Coon
and Rothman (4); Kahn and Rothman (5)).
Other effector organs become hypersensitive to
pharmacological stimulation after denervation,
but denervated human eccrine sweat glands do
not obey Cannon's Law, and can scarcely be
induced to secrete at all (Silver et al. (6)) (Fig.
1).
Sweat glands are not irreversibly injured after
denervation, and normal sweating is re-estab-
lished when reinnervation occurs. Our main
purjose in this investigation was to seek the
factors which differentiate normal sweat glands,
capable of secreting, from the sweat glands of
denervated hands, which secrete weakly or not
at all.
MATERIAL AND METHODS
Seven pairs of biopsy specimens were removed
from the hands of six male patients who had
sustained median or ulnar nerve injuries 1 to
76 months earlier. All patients were repeatedly
examined before the removal of biopsy specimens,
to determine the localized sweating ability of the
volar surface in both hands. This was done by
measuring the rate of spontaneous sweating, using
the method described by Silver, et al. (6), since it
had been found that the spontaneous sweating
rate is a reliable indicator of the ability of the
human volar sweat glands to respond to sudorific
stimuli (op. cit.).
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Perception of sensation was also tested in these
areas, and the sensitivity threshold was measured
i;'ing the method described earlier (op. cit.).
All tests were made on the identical contra-
lateral sites on both the injured and the intact
hands in order to reduce the effect of such ex-
trarteous factors as population density of sweat
glands, the number of nerve endings, and the
amount of callus present.
The biopsy specimens were removed when the
patient was under general anesthesia or under
local procaine block. The skin was excised from an
exact area which had been determined by previous
testing to he normal or pathological in both
sweating and tactile sensitivity. Table 1 suininar-
izes the data concerning the age of the patients,
the duration of denervation, the type of injury,
and the sites where biopsy specimens were re-
moved.
The paired normal and pathological specimens
were treated simultaneously and identically in all
procedures. Not all procedures were carried out on
the same pair of tissues. Acetylcholinesterase and
butyrylcholinesterase were studied in frozen
sections of tissue fixed in chilled 10% formalin
(Montagna and Ellis (7).). Alkaline phosphatase
was also studied in formalin-fixed frozen sections
(Gomori (8)). The following enzymes were studied
in frozen sections of unfixed tissue: phosphorylase
(Takeuchi and Kuriaki (9)11, cytoclirome oxidase
(Biirstone (10)) and succinic dehydrogenase
(Farber and Louviere (11)). Glycogen was studied
by the PAS technic, using sections of tissue fixed
in Helly's fluid and embedded in paraffin. General
histological characteristics and atrophy were
studied in serial sections of tissue fixed in 5—7%
formalin, embedded in paraffin, and stained with
azure-eosinate buffered to pH 3.9—4.1.
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RESULTS
A. Histoehemistry
1. Acetyleholinesterase (7 eases): This enzyme,
normally present in the nerves around the secre-
tory tubules of human ecerine sweat glands
(Hurley et al. (12)), but not within the secretory
cells (Montagna (13)), is also normally present
in high concentration in Meissner corpuscles
(I3eckett et al. (14)).
All pathological tissues showed a reduction, or
total absence, of the enzyme in the nerves around
the sweat glands, and a marked diminution in
the capsules of Meissner corpuscles. In order to
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PLATE I
FIG: 1. Palmar sweating 6 weeks after unilateral section of ulnar nerve (RH.). (A) Spontaneous
sweating in ulnar nerve area of normal hand 10 minutes after iodine application. (B) Denervated hand,
showing almost complete anhidrosis, 10 minutes after iodine application. This area is symmetrical to
that shown in (A). (C) Normal increase in sweating after intradermal injection of acetylcholine. Same
area as (A), 3 minutes after injection of .03 cc. of 1O ACh. Arrow shows side and direction of injection.
Iodine was applied 5 minutes before. Sweat spots near injection have increased in size compared to the
more distal spots, which show normal 5 minute spontaneous sweating. (D) Lack of response of dener-
vated skin to acetylcholine. Same area as (B), 3 minutes after intradermal injection of .03 cc. of 10
ACh, and 5 minutes after iodine application. Visualization of sweat spots by Wada method.
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TABLE 1
Summary of data on patients
Patient Ageat
Injury
ae 0
njury Nerves Cut
D e 0
IOPSY
Dener-
vation
Time
Biopsy Site
.Normal tissue Denervated tissue
yrs. mos.
R. H., Cau- 23 12—9—62 L.ulnarnerveatwrist 1—22—63 1.5 R. Palm below L. Palm below
casian minimus minimus
J. B. (1), Cau- 14 4—6—61 Digital branches of R. 6—8—61 2.0 R. Index—side R. Annularis—
casian ulnar and median side
nerves
E. C., Cauca- 12 5—1--61 L. ulnar nerve at wrist 7—16—62 2.5 R. Minimus— L. Minimus—
sian proximal
phalanx
proximal
phalanx
P. M., Cau- 22 9—20—61 L. median nerve at 4—9—62 6.7 R.Middle—tip L.Middle—tip
casian wrist
J. B. (2), Cau- 14 4—6—61 See above 2—21—62 10 L. Annularis— R. Annularis—
casian tip tip
G. C., Cau- 27 1—24—61 Digital branches of L. 1—15-62 12 R. Thumb—tip L. Thumb—tip
casian median nerve
H. N., Negro 36 4—8--55 L. ulnar nerve at wrist 8—16—61 76 L. Middle—side L. Minimus—tip
TABLE 2
Acetylcholinesterase of sweat glands and Meissner corpuscles in normal and denervated skin
Patient Tissue
Sweat Glands Meissner Corpuscles
Total number
of gland
sections
— .M estimated
amount AChE
(0-5)
Median
Total number
of capsule
sections
—M estimated
amount AChE
(0—5)
Median
R. H.
J. B. (1)
E. C.
P. M.
J. B. (2)
G. C.
H. N.
Normal
Denervated
Normal
Denervated
Normal
Denervated
Normal
Denervated
Normal
Denervated
Normal
Denervated
Normal
Denervated
116
87
56
11
29
24
3
39
75
77
40
87
66
21
3.5
0.3
1.4
0
1.7
0
0
0
1.6
0.3
1.6
0
3.2
0.1
3
0
1
0
2
0
0
0
1
0
1
0
3
0
104 4.3 5
47 1.9 2
42 3.7 4
34 1.6 1
45 3.2 4
19 0.3 0
31 3.5 4
30 0.5 0
113 3.8 5
124 1.5 1
42 3.4 3
42 1 5 1
52 2.3 1
26 1.0 1
establish a more objective basis for our observa-
tions, the amoiint of enzyme around every gland
and in every capsule was graded on the basis of
0—5. "Five" represented the black reaction in the
normal Meissner corpuscles. Table 2 shows the
number of sections of glands and corpuscles
together with the mean of the estimated amoi.int
of AChE in each case.
Figures 2 and 3 show the diminution of AChE
in Meissner corpuscles and its comp'ete absence
around the sweat glands in the denervated skin
of a patient injured 6 weeks previously. This
tissue was taken from the same patient and the
same palniar areas photographed 3 days before,
and shown in Figure 1.
2. Butyryicholinesterase (4 cases): Normal
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PLATE II
FIG. 2. Acetylcholiriesterase in normal and denervated symmetrical areas of palmar skin (RH.).
Tissue from same areas shown in Fig. 1. (A) Normal tissue showing the nerves around the sweat glands,
Meissner corpuscles, and other nerve fibers, both free and associated with blood vessels, all containing
AChE. (x 42). (B) Denervated tissue, showing no AChE around sweat glands (arrows), decreased
enzyme activity in Meissner corpuscles, and no nerves in the dermis. Note atrophy of the corneal layer
of epidermis. (X 42).
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PLATE III
FIG. 3. (A) Enlarged detail of Fig. 2 (A), showing normal glands surrounded by enzyme-rich nerve
fibers. (B) Enlarged detail of Fig. 2 (B), showing glands free of nerve fibers and enzyme.
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TABLE 3
Butyrylcholinesterase of sweat glands and Meissner corpuscles in normal and denervated skin
Meissner corpuscles contain BuChE as well as
AChE (Beckett et al., (14)). We found the normal
Meissner corpuscles to contain about as much
BuChE as AChE; in the denervated skin there
was a corresponding decrease in BuChE (Table
3, Figure 4).
BuChE is not considered to be normally
present in the nerves around the sweat glands
(Hurley and Mescon (15)). We found none except
in the case of one Negro patient, and this was
absent from the glands in his denervated skin.
The presence of this enzyme in the nerves around
the sweat glands of the Negro has been observed
a number of times in this laboratory and may
prove to be a racial characteristic.
3. Alkaline Phosphatase (5 cases): The amount
of enzyme shown by the azo-dye method of
Gomori is variable. The capillary loops under-
neath the epidermis showed a maximum enzyme
reaction, the capillaries around the sweat glands
showing somewhat less. Comparison of the nor-
mal sections in each case with the pathological
sections showed that little or no change had
occurred in the distribution of alkaline phos-
phatase in the subepidermal capillaries (Figure
5). These capillaries seemed somewhat more
tortuous in the denervated skin.
Four of the five cases showed a slight to moder-
ate diminution of the enzyme in the capillaries
around the sweat glands in the denervated tissue
(Figure 5). The fifth case showed no change.
4.—6. Cytochrome Oxidase, Phosphorylase, Suc-
cinic Dehydrogenase (2 cases): Cytochrome
oxidase, phosphorylase, and succinic dehydro-
genase were investigated in normal and dener-
vated skin from two patients, injured 23 months
and 12 months before. In both cases the sweat
glands showed a high concentration of these
enzymes, both in secretory cells and in the duct
cells. No observable differences could be seen in
the glands of denervated skin compared to normal
skin (Figures 6, 7).
7. Glycogen (4 cases): a. Normal tissue. Glyco-
gen was abundant in all cases in the clear cells
of the secretory tubules, especially in their basal
cytoplasm. Sporadic clear cells showed no glyco-
gen. In the dark cells, glycogen was not present
in three cases, but was present in the fourth
case. In the ducts, glycogen was mostly con-
centrated in the basal cells.
b. Denervated tissue. In two of the patients
the distribution of glycogen in the denervated
sweat glands was normal (Figure 8). In a third
patient the results were too variable to catego-
rize. The fourth patient showed a definite de-
crease (Figure 9).
B. General Histological Features (3 cases)
There was no obvious difference between the
normal and denervated skin aside from an epi-
dermal shrinkage that accompanied denervation.
In general the denervated tissue was less heavily
stained. This was particularly evident in the
Meissner corpuscles, the malpighian layer of the
epidermis, and the sweat glands, especially the
ducts. Since the staining agent, azure eosinate,
is made up of basophil and acidophil dyes which
are taken up by dissociated proteins (deRobertis
et al. (16)), one may presume that some altera-
tion in tissue proteins occurs in denervated skin.
Patient
Sweat Glands Meissner Corpuscles
J. B. (1)
E. C.
G. C.
H. N.
Tissue
Normal
Denervated
Normal
Denervated
Normal
Denervated
Normal
Denervated
Total
number of
gland
sections
50
28
20
9
16
54
21
3
.41 estimated
amount
BuChE
(0-5)
0
0
0
0
0.1
0
0.9
0
Median
0
0
0
0
0
0
1
0
Total
number of
capsule
sections
41
32
24
5
8
33
23
14
M estimated
amount
BuChE
(0—5)
3.8
2.1
2.4
0.4
3.8
2.2
2.1
1.5
Median
4
2
2
0
5
2
2
1
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PLATE IV
FIG. 4. Butyryicholinesterase in Meissner corpuscles of (A) normal skin and (B) denervated skin of
patient injured 12 months before (0. C.).
FIG. 5. Alkaline phosphatase in capillaries around the sweat glands (black arrows), and subepidermal
capillaries (white arrows), of same patient as in Fig. 4. (A) Normal tissue. (B) Denervated tissue. The
gland shown here was photographed because of its proximity to the epidermis. The appearance of the
sweat gland capillaries was variable from one gland to another, and the difference from the normal was
less definite than this example would suggest.
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PLATE V
FIG. 6. Distribution of phosphorylase in (A) normal and (B) denervated skin (G. C.). (X 29). Open
arrows point to sweat glands; closed arrows point to ducts. Note shrinkage of mapighian layer in de-
nervated skin.
FIG. 7. Succinic dehydrogenase in sweat glands of (A) normal and (B) denervated skin (E. C.). (X
248). Open arrows point to secretory tubules; closed arrows point to ducts.
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PLATE VI
FIG. 8. Sweat glands from patient injured 10 months before, showing no change in glycogen (J. B.);
PAS, alcian blue. Open arrows point to secretory tubules; closed arrows point to ducts. (X 163). (A)Normal tissue. (B) Denervated tissue.
FIG. 9. Sweat glands from patient injured 12 months before, showing decrease in glycogen (G. C.);
PAS, alcian blue. Open arrows point to secretory tubules; closed arrows point to ducts. (X 163). (A)
Normal tissue showing glycogen in both dark and clear cells. (B) Denervated tissue, showing glycogen
in clear cells only.
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The capillaries around the glands as well as the
myoepithelial cells appeared to be unaffected by
denervation (Figure 10).
C. Atrophy (8 cases)
Although atrophy is grossly obvious in dener-
vated skin, it has not been well documented
histologically. Tower and Richter (17) spoke of
atrophy in denervated cat sweat glands but
gave no evidence for it. Cauna (18) found no
change in the size and shape of the capsule of
Meissner corpuscles in human skin 76 days after
nerve section. We studied atrophy of the Meiss-
ner corpuscles, sweat glands, and epidermis, in
serial paraffin sections of paired normal and de-
nervated tissue from symmetrical contralateral
sites of 3 patients, 2i months, 10 months, and
12 months after injury.
1. Meissner Corpuscles: The capsules of the
Meissner corpuscles, which appeared very differ-
ent in the denervated tissue treated for cholin-
esterases (Figure 2, 11), seemed to be normal in
other frozen sections (Figure 12, 13) and in the
serial paraffin sections. Since the normal range of
size of Meissner corpuscles is enormous (Stöhr
(19); Cauna (18)), in order to detect any change
in size it was necessary to measure the dimen-
sions of many corpuscles in serial sections.
To determine the approximate volume of each
capsule, every section of an individual corpuscle
capsule was measured, its greatest length and
width determined, and its approximate area*
calculated. All sectional areas for one capsule
were then added together and multiplied by the
thickness of one section (8 hz). In addition, the
overall maximum figures for length, width and
thickness of each capsule were noted separately.
To obtain random sampling and to avoid se-
lecting only the largest corpuscles, every capsule
in successive series of paraffin sections was meas-
ured. The mean values for volume, length, width
and thickness for all the capsules in the normal
sample were then compared statistically with
the corresponding mean values for the capsules
in the denervated sample. The "t" test for large
samples was applied to all paired parameters,
using the pooled sums of the squared deviations
(Lacey (20)). The significance threshold was
taken as 95% (P =
.05) for a two-sided test.
* Since the capsules are usually long ovals, or
otherwise depart from a rectangle, our calculations
do not provide a true area, or a true volume, but
serve well for comparative purposes.
Table 4 summarizes the appropriate data re-
lating to overall shrinkage in size of the cap-
sules of Meissner corpuscles in denervated tissue.
It gives the mean value for each series of data,
normal and pathological, covering maximum
length, width, thickness and volume, as described
above. Shrinkage was most pronounced and of
about the same degree in the specimens from the
two patients taken 10 and 12 months after injury.
The figure for mean volume decrease in these
two cases was 52—54%. The third case was of
only 2 months denervation time, and shrinkage
was considerably less than in the other two.
The normal corpuscles in the third case were
considerably smaller than the normal corpuscles
of the first two. This was possibly due to the fact
that the tissue in this case came from the skin of
the proximal phalanx of the little finger, whereas
in the case of the first two patients the specimens
were taken from the tips of the thumbs and ring
fingers, respectively.
The great variation in size of Meissner cor-
puscles may be appreciated from the data in
Table 5 which gives, in the case of all 6 series of
measurements, dimensions of the smallest, me-
dian and largest corpuscle capsules of the sam-
ples, based on their rank in order of volume. The
normal maximum length, for example, may vary
as much as 300% (47—187 M) in one individual.
These figures agree with those of Stöhr (19)
who gave 40—180 M as the range in length of
normal Meissner corpuscles.
2. Sweat Glands: Measurements of sweat
glands were made only on circular cross sections
of secretory tubules and ducts within the body
of the glands. Four categories of measurements
were made: the external diameter of the secretory
tubules (Td), the diameter of the lumen of the
same tubules (Tl), the external diameter of
ducts (Dd), and the diameter of the lumen of
the same ducts (Dl). In order to achieve a random
sampling, all of the tubules and ducts cut in
cross sections in each tissue section were meas-
ured in 2 separated series of consecutive sections.
The data were then analyzed statistically using
the "t" test as described above, in order to
determine if the difference between mean values
for the normal and pathological categories was
significant.
In Table 6, it may be seen that all 3 cases
showed a significant decrease in mean external
diameter of the sweat ducts in the denervated
tissue. The 2 cases of longest duration of denerva-
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PLATE VII
FIG. 10. General histological characteristics of sweat glands from a patient injured 10 months before(J. B.), showing no marked change. Atrophy is present in both tubules and ducts (See Tables 6 and 7
for quantitative data) and in addition the ducts are less heavily stained. Azure eosin. Open arrows point
to secretory tubules; closed arrows point to ducts; curved arrows point to fringes of myoepithelial cells.
(A) Normal tissue. (X 126). (B) Denervated tissue. (X 126).
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PLATE VIII
FIG. 11. Meissner corpuscles in denervated tissue treated to show AChE appear very different from
normal. Patient injured 12 months before. (G. C.) (X 198). (A) Normal tissue. (B) Denervated tissue.
FIG. 12. Meissner corpuscles in denervated tissue treated to show cytochrome oxidase appear un-
changed. Same patient (G. C.). (X 90). (A) Normal tissue. (B) Denervated tissue.
FIG. 13. Meissner corpuscles in denervated tissue treated to show alkaline phosphatase counter-
stained with azure-eosin at pH 2.9, appear unchanged. Same patient (G. C.). (X 90). (A) Normal tissue.(B) Denervated tissue.
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TABLE 4
,Shrinkage of capsules of Meissner corpuscles in denervated skin
Mean Values for Maximum Dimensions of Whole Capsules Measured in Serial Sections of Normaland
Denervated Skin Samples
Patient: ener- Dimensions of Capsules Norma! Skin
sules Denyated
80.3 5.5
26.1 1.1
33.6 6.4
47.1 5.5
of
sules
31
Differ-
%
—18.0
—20.4
—26.3
—54.2
.05—02
<.001
.01—001
<.001
mos.
G. C. (12)
J. B. (10)
M max. length SE. (M)*
M max. width SE. ()
M max. thickness SE. ()
Mvolume SE. (l000M3)
Mrnax. length SE. ()
M max.width SE. ()
max. thickness SE. ()
117! volume SE. (1000 )
97.9 5.8
32.8 1.3
45.6 3.8
98.4 12.0
34
99.8 5.3
36.7 2.1
53.6 3.6
127.6 16.6
30 69.4 4.8
28.1 1.5
44.0 3.2
60.2 8.2
25 —30.5
—23.4
—17.9
—52.7
<.001
.01—001
.1—.05
<.001
E. C. (2) M max. length SE. ()
M max. width SE. ()
it? max. thickness SE. ()
4? volume SE. (1000 )
67.9 3.1 38
31.4 0.7
33.0 2.7
44.4 4.9
60.2 3.3
29.7 0.7
27.8 1.9
34.3 2.9
34 —11.3
—5.4
—15.8
—22.7
.1—05
.01—001
.5—.4
.05-02
* SE. = Standard error of the mean.
TABLE 5
Individval capsules of Meissner corpuscles showing range in size
Normal Skin Denervated Skin
G. C. J. B. E. C. G. C. J. B. E. C.
Smallest
Volume (1000 )
Max. length (M)
Max. width ()
Max. thickness ()
19
47
23
32
20
43
23
40
10
39
16
27
13
51
20
24
9
31
20
16
1.0
23
24
23
34
59
32
27
Median
Volume (1000 )
Max. length ()
Max. width ()
Max. thickness ()
81
133
31
32
103
90
35
64
37
86
32
23
38
90
20
24
51
66
27
48
Largest
Volume (1000 )
Max. length ()
Max. width ()
Max. thickness ()
369
187
55
56
451
156
59
96
140
105
48
51
175
148
43
40
183
113
31
88
93
86
48
35
tion showed a significant decrease in the mean
external diameter of the secretory tubules. The
third case showed no change in this dimension
but showed a large increase (110%) in the mean
size of the tubule lumen. In the first two cases,
the size of the tubule lumen increased signifi-
cantly in one, but not in the other. The mean
diameter of the lumen of the duct remained
unchanged in two cases and decreased signifi-
cantly in the other.
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The secretory tissue of sweat glands is the
total volume of the secretory cells. We did not
measure the length of the coiled tubules, but the
data provides an index of two of the three di-
mensions, i.e., the cross sectional area of the
cellular portion of the secretory tubules. This
value will afford an appropriate comparative
index to the change in the amount of cellular
tissue of the sweat glands after denervation.
The mean cross sectional cellular area of the
tubules equals the difference between the mean
area of the outer circle (calculated from mean
Td) and the mean inner circle or lumen (cal-
culated from mean Tl).
— /Td\2 ITl\M cellular area = —
Table 7 gives this value in terms of ir for the 6
cases (3 normal and 3 denervated). The 2 cases
of longest duration showed a similar decrease in
cellular area for ducts and tubules (30—40%).
The third case of 23, months duration showed
less change in this factor, and a difference be-
tween effects on tubules and on ducts. Shrinkage
in cellular area was 23 % for the ducts, and only
10% for the tubules.
3. Epidermis: Ascertaining the degree of
atrophy of the epidermis was relatively simple
since there was very little variation within the
entire range of material of one specimen. Since,
however, epidermis shows considerable variation
in thickness in different areas, it is important to
compare only symmetrical biopsy specimens.
In these measurements the thickness of the
malpighian layer was taken to be the maximum
thickness in the region of the intermediate epi-
dermal ridges.
Table 8 shows the average values for corneal
layer and malpighian layer in the normal and
denervated skin samples. There was a high degree
of correlation between denervation time and the
degree of epidermal shrinkage. The case of short-
est duration (23 months) showed very little
shrinkage (2.8%) whereas the other two cases
of 10 and 12 months duration, showed 36.5%
and 42.0% shrinkage, respectively. (Figures 2,
4, 5, 6).
The corneal layer was somewhat more affected
than was the malpighian layer. In the case of
shortest duration, the malpighian layer evinced
no shrinkage, simultaneously with a 4.3% corneal
atrophy. There was the same trend in the other
two cases.
TABLE 6
Change in dimensions of sweat gland tubules and ducts after denervation
Patient (Time of Denerva-
tion)
Normal Denervated
Difference P
' ij DimensionsS.E.t ' M DimensionsS.E.t
G. C. (12 mos.) Td
Ti
Dd
Di
72
72
72
72
p
54.3 0.6
8.5 + 0.4
31.5 + 1.1
6.1 0.3
70
70
82
82
p
45.4 0.7
11.9 + 0.6
26.4 + 0.4
5.9 0.2
%
—16.2
+40.0
—16.2
—3.3
<.001
<.001
<.001
.6—.5
J. B. (10 mos.) Td
Ti
Dd
Di
69
69
69
69
60.8 + 0.9
12.9 0.5
33.7 0.5
10.2 0.3
68
68
66
66
48.1 + 0.8
13.8 0.7
25.5 0.4
5.0 0.2
—20.9
+6.9
—24.3
—51.0
<.001
.3—.2
<.001
<.001
E. C. (2}4 mos.) Td 75 52.7 1.9 71 52.3 1.0 —0.8 >.8
Ti 75 7.9 0.4 71 16.7 0.8 +111.4 <.001
Dd 79 27.2 + 0.2 69 24.1 + 0.3 —11.4 <.001
Di 79 6.4 0.3 69 6.2 0.2 —3.1 .6—.5
* Td = External diameter of sweat gland tubuies; Ti = Lumen diameter of sweat giand tubuies;
Dd = Externai diameter of sweat giand ducts; Di = Lumen diameter of sweat gland ducts.
t SE. = Standard error of the mean. n = no. of cross sections
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TABLE 7
Shrinkage of 8weat gland cells n denervated skin
Cellular Areas of Mean Cross Sections of Sweat Gland Tubules and Ducts
Secretory Tubules
Patient:
Denervation Time
mos.
G. C. (12)
J. B. (10)
E. C. (2)
Normal Skin Denervated Skin
%(1) (2) (1) — (2) (1) (2) (1) — (2) Difference() 2 (ii) 2 r Cellular Area () 2 () 2 ,r Cellular Area
2 %
737.1 r 18.2 r 718.9 517.1 r 35.6 r 481.5 r —33.0
924.2 41.7 r 882.5 578.4 r 47.5 r 530.9 r —39.8
695.4 r 15.7 r 679.7 683.8 lr 69.4 r 614.4 r —9.6
Ducts
Patient:
Denervation Time
Normal Skin
(1) (2) (1) —(2)() 2 ,r (f) ,r Cellular Area
Denervated Skin
%
Difference(1)/Dd\ 2 (2)'D1() (1) —(2)Cellular Area
mos.
G. C. (12)
J. B. (10)
E. C. (2)
2
247.7 r
284.6 r
185.2 r
2
9.2 r
25.9 r
10.2 r
2
238.5
258.7
175.0
2
173.7 r
162.8 r
144.7 r
8.6 r
6.4 r
9.6 ir
2
165.1 r
156.4 r
135.1 r
%
—30.8
—39.5
—22.8
TABLE 8
Epidermal atrophy following denerva lion
Mean Thickness of Malpighian and Corneal Layers
Patient
Normal Tissue Denervated Tissue Difference
Location of Biopsies
Total
Epi-
dermis
Mal-
pighian
Layer
Cor-
neal
Layer
Total
Epi-
dermis
Mal-
pighian
Layer
291
223
223
Cor-
neat
Layer
582
342
376
Total
Epidermis Layer
Corneal Durationof Dener-
vation
%
—42.0
—36.5
—2.8
%
—37.0
—31.4
0.0
%
—44.3
—39.4
—4.3
mos.
12
102
G. C.
J. B.
E. C.
Thumbtips
Ring finger tips
Proximalphalanx
of little fingers
'
1507
890
616
462
325
223
1045
565
393
873
565
599
DISCUSSION
Previous studies of denervated sweat glands
have been somewhat inconclusive. Tower and
Richter (17) mentioned that routine histological
sections of denervated cat's paw showed atrophy,
but they gave no details. Clark (21) found no
abnormalities in histological sections from 2 cats
and 1 dog which had been denervated 3—5 years
previously; gross evidence indicated that the
skin may have had a normal function. Gurney
and Bunnell (22) studied 2 women, 10 days and
1 year after sympathectomy, and found normal
sweating, and no alteration in the histology of
the glands. Lofgren (23) tested human sweating
after sympathectomy and found hypohidrosis
and anhidrosis, but no marked histological
change. Hellmann (24) reported that the cat's
paw, denervated 21 days previously, showed
complete loss of nonspecific cholinesterase nor
mally in the nerves around the sweat glands.
Silver et al. (6), in a preliminary report of some
of the material in this paper, found that specific
cholinesterase was lacking in nerves around the
sweat glands in denervated human skin.
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Our findings in regard to general histology,
cholinesterase, and atrophy corroborate those of
Lofgren in human skin and those of Hellmann
and of Tower and Richter in cats.
In regard to glycogen, its presence in eccrine
glands is variable (Montagna (13)). Dobson (25)
reported that episodes of intense sweating cause
the glands to lose their glycogen initially, but
this is restored and maintained in subsequent
daily episodes of sweating. In the present case,
the denervated hands of 3 patients had been
anhidrotic or extremely hypohidrotic for periods
varying between 2 months to 10 months, but
there was no marked change in the glycogen
content of the sweat glands. The fourth patient
had been injured 12 months previously and
showed a decrease of glycogen of the sweat glands,
but the affected area was not completely anhi-
drotic at the time. It would appear that any con-
nection between the function of sweating and
the presence of glycogen in the sweat cells is
not direct.
The circulation around the sweat glands did
not appear markedly altered, although a mor-
phological study cannot provide information
concerning vascular dynamics, which are un-
doubtedly affected by denervation (Barcroft and
Swan (26)). In the light of the extensive research
which, on the whole, demonstrates the lack of
direct relation between circulatory factors and
sweating (Rothman (2)), it is questionable
whether such changes, even if present, would
have a crucial effect.
The most striking difference which we found
between normal and denervated sweat glands
was the absence of acetylcholinesterase around
the sweat glands in denervated skin. It has been
assumed that the normal physiological mecha-
nism for eccrine sweat secretion is the stimulation
of the secretory cells by the neurohumor acetyl-
choline, released from nerve endings around the
sweat tubules. The function of acetylcholines-
terase is presumed to be the destruction of the
excess of acetylcholine. Thus, acetylcholine
should produce sweating by direct action upon
the secretory cells, whether or not the nerve
fibers are present. Two conditions, however, must
be fulfilled:
1. The secretory cells themselves must be
unchanged, i.e., still capable of delivering sweat.
2. The concentration, or chemical condition of
acetylcholine must be adequate and proper to
stimulate the sweat cells.
In regard to the first condition, we found no
apparent alteration in the cells of the sweat
glands or their immediate milieu, which could
logically be expected to make a crucial differ-
ence in their ability to produce sweat. Any change
which occurs would have to be reversible, since
sweating is resumed when reinnervation occurs.
Furthermore, any crucial difference should be
manifested very soon, since even 2—3 weeks after
denervation human sweat glands do not respond
to injection of acetylcholine (Kahn and Roth-
man (5)). Our earliest case, 6 weeks after denerva-
tion, showed unequivocally, the lack of response
to acetylcholine together with a complete absence
of acetylcholinesterase around the sweat glands
of the same skin. (Figures 1, 2 and 3).
Other differences such as decrease in alkaline
phosphatase or glycogen were too inconstant or
too slight to be considered crucial. Atrophy alone
could not be decisive here, since it is a factor
which develops slowly and gradually after de-
nervation, whereas lack of response to injected
ACh develops very rapidly after denervation
and thereafter remains constant, until reinner-
vation occurs.
Concerning the second condition, most
attempts to provoke sweating in denervated
human skin with acetylcholine have used the
concentration 103 ACh. However, 10 was
used in the case of the patient in Figure 1. If the
concentration of ACh were too high, thus causing
some sort of nicotinic inhibition, one would still
expect a response from sweat glands situated at
the periphery or outside of the injection area,
since dilution with tissue fluids would occur. Yet
sweating did not occur there. One cannot argue
that the concentration of ACh is too low, since
the absence of the cholinesterase in denervated
skin would ensure, in effect, a higher concentra-
tion around the denervated sweat glands than
in normal control glands.
Perhaps our original idea of the function of
acetylcholinesterase is inexact. Nachmansohn
(27) has long contended that acetylcholinesterase
is as important a factor in nerve function as is
acetylcholine. The actual neurochemical effector,
at least for the case of human eccrine sweat
glands, may depend on a certain quantitative
equilibrium of the ester and the esterase. In this
connection it is noteworthy that other dener-
vated effector organs, which, contrary to human
eccrine sweat glands, exhibit supersensitivity to
acetylcholine, also differ from the sweat glands in
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retaining acetylcholinesterase, albeit in reduced
quantities, after denervation (Weiner and Hell-
mann (28); J3urgen and Emmelin (29)).
SUMMARY
Biopsy specimens were taken from paired
areas of normal and denervated volar skin of the
hands in eases of ulnar and/or median nerve
injury. These areas of skin had been tested for
sweating and sensory function before biopsy
specimens were removed. All the normal skin
areas evinced normal sweating and sensory
ability. All of the denervated areas exhibited loss
of sweating and sensation.
Examination of the tissue gave the following
results for the denervated skin as compared to
the normal skin of the same individuals:
1. Marked loss of acetylcholinesterase around
the sweat glands.
2. Diminution of acetylcholinesterase in the
capsules of Meissner corpuscles.
3. Diminution of hutyrvlcholinesterase in the
capsules of Meissner corpuscles.
4. Slight decrease in alkaline phosphatas' of
the sweat gland capillaries.
5. No change (2 cases) or a decrease ( case)
in glycogen content of the sweat gland secretory
cells.
6. Slight decrease in affinity for basophilic
and acidophilic dyes.
7. No change in these endogenous enzymes of
the sweat glands: cytochrome oxidase, phos-
phorylasc, succinic dchydrogenase.
8. No change in the general histological ap-
pearance of the sweat glands, including myo-
cpithclial cells, oi. of the capsules of Meissner
corpuscles.
9. Shrinkage of sweat tubules, ducts, capsules
of Meissncr corpuscles and epidermis, correlated
broadly with duration of denervation.
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